Microbial sewage communities consist of a combination of human fecal microorganisms and nonfecal microorganisms, which may be residents of urban sewer infrastructure or flowthrough originating from gray water or rainwater inputs. Together, these different microorganism sources form an identifiable community structure that may serve as a signature for sewage discharges and as candidates for alternative indicators specific for human fecal pollution. However, the structure and variability of this community across geographic space remains uncharacterized. We used massively parallel 454 pyrosequencing of the V6 region in 16S rRNA genes to profile microbial communities from 13 untreated sewage influent samples collected from a wide range of geographic locations in the United States. We obtained a total of 380,175 high-quality sequences for sequence-based clustering, taxonomic analyses, and profile comparisons. The sewage profile included a discernible core human fecal signature made up of several abundant taxonomic groups within Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria. DNA sequences were also classified into fecal, sewage infrastructure (i.e., nonfecal), and transient groups based on data comparisons with fecal samples. Across all sewage samples, an estimated 12.1% of sequences were fecal in origin, while 81.4% were consistently associated with the sewage infrastructure. The composition of feces-derived operational taxonomic units remained congruent across all sewage samples regardless of geographic locale; however, the sewage infrastructure community composition varied among cities, with city latitude best explaining this variation. Together, these results suggest that untreated sewage microbial communities harbor a core group of fecal bacteria across geographically dispersed wastewater sewage lines and that ambient water quality indicators targeting these select core microorganisms may perform well across the United States.
A t least 1.24 million miles of underground sewer lines (1) deliver sewage from homes and commercial buildings to more than 16,000 wastewater treatment facilities and 21,000 sanitary operating sewer systems in the United States. Although sanitary sewer lines normally isolate sewage from the surrounding environment, severe weather events, blockages, line breaks, power failures, inadequate design and construction, or vandalism can discharge disease-causing pathogens and other pollutants. Public exposure to untreated sewage can occur through contamination of nearby drinking water reservoirs, direct contact through recreational activities, or consumption of foods harvested from polluted water bodies. Even though exposure to untreated sewage remains a serious public health risk, very little is known about the microbial composition of this pollution source.
Massively parallel sequencing of DNA and high-density microarrays provide new tools for monitoring wastewater management and treatment. To date, most studies have focused on sludge and pilot scale bioreactors (2) (3) (4) or treated wastewater effluent (5) . However, a small number of studies have provided important clues about the composition of untreated sewage microbial communities. A phylogenetic microarray analysis of marine water and sewage samples collected during a sewage spill indicated that sewage communities differ significantly from marine water, even when the marine water is mixed with small amounts of sewage (6) . Pyrosequencing of samples from two wastewater treatment plants (WWTPs) in Milwaukee revealed that human feces, soil, and ambient water microorganisms (introduced through gray water, rainwater, and stormwater infiltration) could contribute to untreated sewage microbial communities and suggested that some community members may be resident in the sewer system (7, 8) .
The abundance and complexity of microbial life can vary greatly among external (i.e., ambient water and soil) and sewer system environments or from one individual host to the next (9) (10) (11) , suggesting that untreated sewage microbial community structure may differ from one geographic location to another.
We characterized here the microbial community composition in untreated sewage from 13 different geographic locations in the United States using a next-generation sequencing technology. Our primary goal was to determine whether there was a core fecal signature of microorganisms among sewage influent locations. Secondarily, we wanted to determine whether the nonfecal organisms in sewage were common across geographically dispersed sites or were unique to each site. We explored patterns in each group over latitudinal and plant-parameter gradients.
MATERIALS AND METHODS
Sewage sample collection and DNA extraction. Single-grab, primary influent sewage samples were collected from 13 different wastewater treatment facilities across the United States ( were included in these analyses. Briefly, 500 ml of untreated primary influent sewage was collected from each facility and immediately stored on ice. Samples were then packed and shipped on ice overnight to Cincinnati, OH, for laboratory testing. Twenty-five milliliters of sewage from each sample was filtered through a 0.22-m-pore-size Supor-200 filter (GE HealthCare); each filter was placed in a sterile 1.5-ml microtube and stored at Ϫ80°C until time of analysis (Ͻ6 months). DNA from filters was extracted using the DNA-EZ kit (GeneRite, New Brunswick, NJ) according to the manufacturer's instructions. The concentration and purity of each DNA extract was determined using a NanoDrop ND-1000 UV spectrophotometer (NanoDrop Technologies, Wilmington, DE). DNA pyrosequencing. Purified DNA from each sewage sample served as a template for preparation of amplicon libraries from the hypervariable V6 region of the 16S rRNA coding region prior to pyrosequencing on a Roche GS FLX system. A cocktail of five primers at the 5= end and four primers at the 3= end directed the amplification of V6 16S rRNA regions to help capture the full diversity of bacterial 16S rRNA sequences (10, 12) . Fused primers that contained a unique five-nucleotide barcode between the 454 adapter-A sequence and the V6 16S rRNA primers were used to multiplex samples. Triplicate reactions for each PCR library minimized the impact of PCR errors generated during early cycles of amplification. The resulting amplicon libraries were purified with a Qiagen (Valencia, CA) MinElute PCR purification kit and were visualized on an Agilent Bioanalyzer, model 2100. Emulsion PCR was performed using the Roche protocols. The mixture of different samples was then deposited in a picotiter plate for GS-FLX pyrosequencing.
Quality trimming, taxonomic assignments, and OTU clustering. Each pyrotag, i.e., sequence read, underwent a series of quality filters to trim and/or remove poor-quality data. Pyrotags were removed from the data set if the read length was Ͻ50 nucleotides (the length of the shortest V6 sequence in the reference base), if the read contained any ambiguous base, if there were any errors in the proximal primer sequence or barcode, if the average quality score was Ͻ30, or if the distal primer was not present (13) . Pyrosequencing of 13 primary influent sewage samples yielded 452,041 pyrotags with read lengths ranging from 51 to 125 bp. Trimming filters identified 71,866 (16%) pyrotags as poor quality; these were removed from the data set, resulting in 380,175 high-quality pyrotags. An additional 68 pyrotags (0.015% of all reads) did not display significant matches to V6 16S rRNA regions in the SILVA database (14) , presumably because they have no valid match to the reference database, they correspond to nonribosomal regions, or they are chimeric molecules. After deconvoluting the high-quality pyrotags into original sample bins using the five-nucleotide barcode keys, the Global Assignment of Sequence Taxonomy (GAST) algorithm (15) , which relies upon the SILVA database (14) as a reference, assigned taxonomy to each read. This analysis excluded all nonbacterial and organellar sequences. Single-linkage preclustering with average-linkage clustering (16) identified operational taxonomic units (OTUs) at a 3% threshold.
Classification of OTUs into fecal, sewage infrastructure, and transient groups. We used SourceTracker, a Bayesian approach for estimating proportions of a community containing mixed sources (17) , to estimate the proportion of fecal, sewage infrastructure (nonfecal), and transient derived OTUs in our sewage communities. We grouped the V6 sequence data sets from the current sewage study (n ϭ 13) and from human (n ϭ 48) and cattle (n ϭ 30) fecal samples (11, 18, 19) into OTUs and used these OTU distributions as input for SourceTracker. We included cattle because data for this additional fecal source were available (19) . To normalize sequencing depth across samples, we randomly selected 17,000 sequences (corresponding to the number of sequences in the smallest data set) from each sample. For the human and cattle fecal data sets, only 25 samples from each source contained more than 17,000 sequences; the remaining samples were discarded from analysis. SourceTracker analyses were used with default settings without subsampling (all 17,000 pyrotags were used in the sample by OTU matrix) with ␣ set to 0.001. To identify "fecal" and "sewage infrastructure" OTUs, independent SourceTracker runs analyzed either the cattle or human data sets as source communities with the 13 sewage samples serving as sink communities. SourceTracker produces values for each OTU in each sink sample, indicating the probability that the OTU was derived from the source and the sink community. The mean probability value (MPV) across all 13 sewage samples was then calculated for each OTU. OTUs with an MPV of Ͼ25% of being from either the cattle or human fecal source community were considered to be "fecal." A fairly low cutoff (25%) was chosen for classification purposes due to the high variability among both the human and cattle fecal samples. Likewise, all OTUs not considered fecal and that had an MPV of Ն25% for the sewage community were considered to be from "sewage infrastructure." All OTUs not classified as fecal or sewage infrastructure were considered transient. Core OTUs are also reported for the fecal and sewage infrastructure groups and were defined as any OTUs present after subsampling in all 13 sewage samples.
Network analysis. A network analysis approach illustrated the relationship between the latitudinal position of each wastewater treatment facility and its microbial community OTU structure (19) . Cytoscape (20), version 2.7, using the edge-weighted spring embedded model (21) described each bacterial network. The latitude coordinates for each wastewater treatment facility corresponded to (i) Ͼ41.000 (n ϭ 7), (ii) between 32.000 and 40.000 (n ϭ 4), and (iii) Ͻ31.000 (n ϭ 2). Network analyses of reduced data sets aided in pattern visualization of all high-quality pyrotags binned into 3% OTUs and then sorted by OTU abundance (from most abundant to least abundant) for each sewage sample. A running sum of total pyrotags for each sewage sample was calculated, and only the OTUs present in the top 95% of the respective sample data set were used to generate network images. OTUs present in the top 95% of one fecal sample but not in another were added back into all samples. The statistical significance of the network sample distribution patterns was assessed with t tests comparing within-group versus among-group plot distances for latitude groupings: Ն41.000 and Ͻ41.000.
Other statistical analyses. The Chao1 (22) method calculated with mother (23) was used to estimate the richness of each microbial community. Pearson R calculations were carried out in Microsoft Excel across all pairwise comparisons between wastewater treatment plants. Bacterial community composition similarity between plants was correlated to the absolute difference in population size, the absolute difference in latitude, and the absolute difference in average influent flow. A permutation-based hypothesis testing algorithm, analysis of similarity (ANOSIM) (24, 25) , was used to characterize the degree of similarity between north (Ն41.000) and south (Ͻ41.000) samples for "fecal" and "sewage infrastructure" OTU assignments within Actinobacteria, Bacteroidetes, Firmicutes, Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria, Gammaproteobacteria, and all remaining phyla groupings. The similarity percentages (SIMPER) program was used to identify which OTUs contribute most to geographic differences between "sewage infrastructure" OTUs based on north and south groupings (25) . Nonmetric multidimensional scaling plots (NMDS) and a cluster dendrogram based upon Bray-Curtis bacterial community composition similarities described community composition comparisons, including total community structure and community structure differences between north and south "sewage infrastructure" OTUs of key phyla, including Bacteroidetes, Firmicutes, Betaproteobacteria, and Gammaproteobacteria. A stress level of Ͻ0.20 was considered acceptable for NMDS plots. Primer6 software (Ivybridge, United Kingdom) was used to compute ANOSIM, SIMPER, and NMDS analyses. Sequence data submission. Pyrotag sequences from sewage samples for 12 cities, as well as previously published Milwaukee sewage and cattle and human fecal data sets (Table 2) , are available through VAMPS (http: //www.vamps.mbl.edu). Sequences for the 13 samples from 12 cities are also available from the Sequence Read Archive (SRA) under study accession number SRP018584, with sample accession numbers SRX235300 to -312.
RESULTS

Taxonomy and diversity.
Of the high-quality bacterial V6 16S rRNA pyrotags (n ϭ 380,175), GAST annotated 99.9% to the phylum level, 97.0% to the order level, 96.0% to the family level, 80.0% to the genus level, and 3.9% to the species level. The most abundant taxa included Proteobacteria (62.2%), Firmicutes (20.6%), Bacteroidetes (12.5%), Actinobacteria (1.7%), and Fusobacteria (1.2%). The Proteobacteria were dominated by Gammaproteobacteria (38.1% of all pytrotags) and Betaproteobacteria (18.7%). Epsilonproteobacteria (2.6%), Deltaproteobacteria (1.6%), and Alphaproteobacteria (1.1%) were also present. Figure 1 depicts GAST taxon assignments at the phylum level for each sewage bacterial community. Table 2 summarizes the total number of sequences, the number of unique sequences, and Chao1 richness values at a 3% cluster value for each sewage bacterial community. The number of unique OTUs in a sewage sample ranged from 1,384 (Elk Grove, CA) to 1,921 (Jones Island, WI).
Fecal, sewage infrastructure, and transient group assignments. We used a subsampled data set (17,000 sequences per sample) to explore the origin of different OTUs in sewage bacterial communities. Of the 221,000 total pyrotag sequences in the subsampled data set, single-linkage preclustering identified 5,010 OTUs (3% width). Only 12.1% (n ϭ 26,797) of the sequences were identified as fecal in origin, accounting for 2.6% (n ϭ 132) of the total OTUs (Table 3 ). The majority of these (54%) were classified as Bacteroidales (17%) and Clostridiales (37%). A much larger portion of the sequences (81.4%; n ϭ 179,809) and OTUs (18.8%; n ϭ 942) corresponded to the sewage infrastructure group and these primarily were classified to Gammaproteobacteria (43%) and, to a lesser extent, Betaproteobacteria (22%). The transient group included only 6.5% (n ϭ 14,394) of the sequences but accounted for the bulk of the OTUs (78.6%; n ϭ 3,936). The most common of the transient OTUs occurred in only 5 of the 13 samples. Characterization of core sewage bacterial community members. The 13 sewage influent data sets had a "sewage core" of 153 OTUs shared among all of the samples that accounted for 70.1% of the subsampled sequences. Core OTUs (n ϭ 70) from the fecal grouping resolved to the Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and Verrucomicrobia phyla (Table 4 ). Within the "fecal" group, OTUs from the genera Bacteroides, Bautia, Roseburia, and Faecalibacterium, along with unknown genera from the Lachnospiraceae and Ruminococcaceae families, dominated the microbial community. A sewage infrastructure core group of 83 shared OTUs classified to the Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, Tenericutes, and Fusobacteria phyla (Table 4) . Within the sewage infrastructure core, the genera Acinetobacter, Aeromonas, Cloacibacterium, Tolumonas, Enhydrobacter, and Acrobacter, along with unknown genera from Comamonadaceae family, were the most prominent, making up 56% of the sequences associated with the core OTUs and 40% of all sequences recovered from sewage.
Sewage bacterial community composition patterns. We explored the relationship between several treatment plant characteristics and the bacterial community composition similarity among plants. A cluster analysis of all OTUs revealed two prominent treatment plant community groups (Fig. 2) . Correlations between bacterial community composition similarity and plant characteristics indicated that latitude (Pearson r ϭ 0.45) was more related to the composition observed than either contributing population size (Pearson r ϭ 0.06) or average inflow (Pearson r ϭ Ϫ0.08).
Since latitude was most related to the variation among the sewage bacterial communities, we further explored this relationship. The sewage infrastructure and fecal groups were divided into two latitudinal categories: (i) Ͻ41.000 (south) and (ii) Ն41.000 (north). A network analysis identified a significant difference between latitude groupings for the sewage infrastructure OTUs (P ϭ 0.02) but not for the fecal OTUs (P Ͼ 0.05) (Fig. 3) . ANOSIM values were used to test OTU distributions within phyla that significantly contributed to the observed latitude differences. A significant difference (P Յ 0.01) emerged for sewage infrastructure Bacteroidetes (r ϭ 0.574) and Firmicutes (r ϭ 0.47; see Fig. 4 for NMDS plots) but not for other phyla (r Յ 0.325). For the "fecal" group, no phyla generated an ANOSIM r value of Ͼ0.20, suggesting that there was no significant difference between these fecal north and south communities. A SIMPER analysis identified the OTUs most contributing to the differences between the north and south defined groups in the "sewage infrastructure" communities. Among the top 10 contributing OTUs were those that were nearly exclusive to one geographic region (e.g., a Flavobacterium and a Trichococcus; Table 5 ). Also, among these top 10 OTUs, were multiple OTUs within a single highly abundant genus such as Cloacibacterium and Acinetobacter that had opposite geographic preferences.
DISCUSSION
General characteristics of the untreated sewage microbial community. Untreated sewage samples tested in this study consisted of a complex array of taxa dominated by Gammaproteobacteria, Betaproteobacteria, Firmicutes, and Bacteroidetes. The high abundance of nonfecal associated taxa/OTUs and the consistency of these taxa/OTUs among all 13 sewage samples and in a previous study of sewage influent from a single city over time (7) suggests that there may be resident microbial communities in these pipebased systems. It is known that microbial communities are present within biofilms on pipe surface and in deposited sediments along the pipe system (26) . Frequent sloughing and/or resuspension could be the mechanism of consistent delivery of these organisms to WWTPs and explain the consistent patterns observed in our community data. Either gray water, the non-sewage-containing wastewater from households, or rare fecal taxa could be the seed- ing source for these pipe communities. Alternatively, gray water may be delivering high loads of bacteria directly to the WWTPs, making it the primary source of the cosmopolitan nonfecal bacteria that we identified. Environmental sources such as ambient water and soil likely also contribute microorganisms to the untreated wastewater community, but at lower densities these contributions may not have a large influence on the community structure overall. Further research will be needed to understand the main sources of the nonfecal component of sewage influent.
Bacteroidetes and Firmicutes are the primary bacterial members in human fecal samples (27, 28) but were much less prevalent than Proteobacteria in our geographically dispersed sewage samples. Even under a broad classification scheme, these data suggest that only a small portion of the untreated sewage microbial community consists of feces-derived bacteria. This notion was solidified by our SourceTracker-based classification of OTUs, which identified only 4.3 to 28.7% of the sequences in a sample as being feces derived. These data, combined with the time series sewage influent data from Milwaukee, WI (6, 7), provide strong evidence that the bacterial community of sewage influent arriving at U.S. treatment plants is primarily of nonfecal origin.
Activated sludge samples collected from wastewater facilities show a trend similar to that of our sewage influent samples, where phylotypes related to nonfecal sources numerically dominate over human fecal phylotypes (2) . Human fecal microorganisms, being primarily anaerobes, are not likely to have high survival rates after being discharged into a subterranean sewage line environment. The lower levels of fecal taxa in sewage influent may represent these persistence traits and reflect selective pressures in pipe infrastructure that do not favor anaerobic fecal microorganisms (29) . It is apparent that the selective pressures within sewage lines and the continuous mixing of fecal and nonfecal bacterial communities are forces that lead to a novel sewage microbial community structure that does not resemble the human fecal community.
Core taxa in the untreated sewage microbial community. Approximately 70% of all pyrotags grouped into shared OTUs across the 13 untreated sewage samples. This illustrates the high degree of bacterial conservation across sites and, given the relatively low number of unique OTUs (n ϭ 153; comprising 1.7% of all OTUs) making up this 70%, demonstrates that the numerically dominant community members are consistently dominant across sites. It is likely many other lower abundance OTUs were shared across all 13 WWTPs, but because of the community sampling depth, were not captured in some of the communities. However, given the moderate sequencing depth of this effort, these data are likely a good representation of the overall community structure.
The fecal-classified pyrotags exhibited a high degree of similarity across samples (73.7% Morisita-Horn), with many OTUs being shared across all 13 WWTPs (Table 4 ). This result may seem surprising considering the growing body of evidence that human fecal microbial communities can vary greatly from one individual to another (11, 28, 30, 31) . However, the existence of a core fecal community implies that the blending of fecal material from thousands of individuals has a normalizing effect and may represent a core human fecal microbiome. A closer examination of members of the family Lachnospiraceae within this same data set supported this hypothesis, where the most common, but not necessarily the most abundant sequences in individual human samples were the most dominant Lachnospiraceae sequences in WWTP influent across the 13 cities. This same pattern has been reported in a survey of fecal indicator genetic markers measured by quantitative real-time PCR commonly used to identify fecal pollution in recreational waters, where the distribution of a particular marker remained very consistent in 54 untreated wastewater samples collected from 39 different locations across the United States (32, 33) .
A lower percentage of infrastructure-classified OTUs, compared to the fecal-classified OTUs, were conserved across all samples; however, the sequences from these conserved OTUs represented 75% of all sequences present in the samples (Table 4) . Among the dominant OTUs in this group were those classified as Acinetobacter, Aeromonas, Trichococcus, Arcobacter, and Pseudomonas, which were reported previously as consistent members of sewage influent in Milwaukee, WI, samples spanning 3 years and hypothesized to be residents of the sewer infrastructure (8) . The consistency of the dominant OTUs is especially surprising given the wide geographic variety and therefore ambient environmental sources, climate, and sewer system configurations across our sample sites. Although many of these sewage infrastructure core taxa have been isolated from natural soil and water environments (7, (34) (35) (36) , they are rarely detected in large-scale classifications of these communities (37) (38) (39) . Sewer infrastructure is a relatively new environment compared to soil and water. Exploration of community structure, selection, and dynamics in this built environment would be of interest given the consistencies we have observed across all 13 cities.
Latitude as a predictor of untreated sewage microbial community structure. In the present study, we illustrated that the majority of bacterial sequences from sewage influent represent a shared or core sewage community. Despite this unexpected similarity, differences in the distribution of OTUs across samples were apparent. We hypothesized that the differences among samples would correlate with variations in the nonfecal community members since the local ambient environment and climate would influence both source microorganisms entering the system and resident microorganisms in the sewer system. Network analysis and community similarity correlations suggested that this was the case. The distribution of fecal OTUs was more consistent than that of the sewage infrastructure portion of the community, whose distribution correlated with a latitude gradient of the sample locations. A closer examination of the OTUs contributing to the observed north-south community separation for the infrastructure community revealed that Acinetobacter assigned sequences contributed two OTUs to the top 10 distinguishing OTUs group, and the OTUs showed opposing geographic trends. A previous study by our laboratory noted that two Acinetobacter V6 16S rRNA sequences exhibited opposing temporal abundance patterns associated with seasonal trends in a single sewage system (8) . Cloacibacterium also contributed two OTUs to the top 10 distinguishing group, but in contrast to Acinetobacter, both were more prevalent in southern sewage systems. Little is known about Cloacibacterium. The genus, described in 2006, was isolated from untreated wastewater in Norman, OK (latitude 35.223), but despite attempts, the investigators were not able to isolate it from human feces (40) . Together, these results highlight our general lack of knowledge of sewage microbial communities, suggest the most abundant organisms in sewer systems exhibit both spatial and temporal dynamics, and beg the question of what forces drive these sewage community and population dynamics.
Implications for wastewater management and water quality applications. Emerging molecular technologies such as highthroughput DNA sequencing will soon provide water quality managers with new tools to identify sewage pollution in recreational waters (6, 7) . The comprehensive profiles of untreated sewage bacterial communities generated in the present study will serve as an important reference database to test currently available methods, as well as design novel alternative approaches. In order for any of these methods to be effective, target DNA sequences must not only be abundant in sewage but also be detectable across a broad geographic range. The results presented here indicate that the fecal portion of the untreated sewage community remains relatively stable across a wide range of locations, warranting the future testing of these methods on a larger scale.
Novel information about the sewage infrastructure portion of the untreated sewage community will also benefit future water quality applications. Even though the sewage infrastructure group can vary in diversity and composition across a latitudinal gradient, data indicate that ca. 60% of all sewage influent pyrotags were both assigned to the sewage infrastructure group and shared across all samples ( Table 4 ). The predictable nature of this infrastructure-derived portion of the community and its striking difference from the community composition typically found in ambient water and soil communities could serve as the basis for the development of sewer infrastructure indicators that could serve as adjunct indicators to fecal organisms. Multiple indicators, particularly ones that target dominant community members, could improve sensitivity and reliability of investigations for sewage releases into the environment.
The combination of high-throughput DNA sequencing with informatics analysis allowed for the characterization of feces-and sewage infrastructure-derived microorganisms in untreated sewage samples across a latitudinal gradient. The findings presented here have important implications for future wastewater management and water quality applications. However, additional research is needed to determine whether trends identified in the present study remain consistent over time, among a larger and international group of wastewater treatment systems, throughout the wastewater treatment process, as well as after discharge into local water bodies.
